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Abstract
Surfaces and interfaces of magnetic nanostructures can reveal rather interesting and unusual
properties that differ substantially from those of bulky materials. Here we apply the surface-
sensitive method of optical second harmonic generation (SHG) for the studies of magnetization
induced effects that appear in the nonlinear reflection from interfaces between ferromagnetic (Co)
and heavy metals (Pt, Ta, W, Au, Ag, Cu). We demonstrate the appearance of magnetization
induced variation in the p-polarized SHG intensity in the geometry of the longitudinal magneto-
optical Kerr effect that is forbidden for homogeneous magnetic structures. This confirms the
existence of chiral magnetic states at heavy metal/ferromagnet interfaces that appear due to the
surface-induced Dzyaloshinskii-Moriya interaction. The related nonlinear chiroptical effect in the
SHG intensity is proportional to the dc flexo-electric polarization that is shown to exist for chiral
magnetic states at the considered interfaces.
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I. INTRODUCTION
Studies of spin related effects at the interfaces between normal and ferromagnetic metals
is a challenging task from the fundamental point of view, and are important for the further
development of spintronic devices [1]. Of particular interest is the study of the influence of
spin - orbit interaction in a nonmagnetic metal with high values of spin-orbital constants
on the magnetization distribution in a ferromagnetic metal. It was shown that this effect
is due to the existence of an additional interaction of magnetic moments at the interface
of a ferromagnetic and normal metals known as surface-induced Dzyaloshinskii-Moriya ex-
change interaction (DMI), which exists in noncentrosymmetric crystals and structures [2].
In the case of centrosymmetric metals, interface leads to the breaking of the inversion sym-
metry inherent to polycrystalline metals, including ferromagnetic ones. The energy of such
interaction DM can be written as:
DM = −d(Qn) (1)
where d is a constant, n is a unit vector that determines the orientation of the interfaces, and
Q is a polar vector describing the flexo-magneto-electric effect [3–5] that exists in media with
spatially-inhomogeneous distribution of magnetization, its i−th component is determined
by the following expression:
Qi = qeijk[m× ∂m
∂xj
]k (2)
Here q is a constant, eijk is the antisymmetric Levi-Civita tensor, m = M/M is a unit mag-
netization vector. Dzyaloshinskii-Moriya interaction (DMI) described by (1) leads to the
formation of chiral magnetic distributions at the surface of a ferromagnet, such as magnetic
cycloids and skyrmions [6]. Figure 1 shows the magnetization distributions corresponding
to the Neel cycloid and skyrmion. Importantly, both distributions and hence their arbitrary
combinations are characterized by a polar vector Q which is the flexoelectric polarization.
Experimentally, the presence of surface-induced DMI can be revealed by inelastic light scat-
tering involving spin excitations (Mandel’shtam-Brillouin scattering) and by spin-polarized
tunneling microscopy [7].
On the other hand, optical second harmonic generation (SHG) is extremely sensitive
to the state of the interface, which makes nonlinear magneto-optics an effective tool for
studying the magnetic state of surfaces and interfaces [8, 9]. It is known that second har-
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FIG. 1. Magnetization distributions supporting the existence of non-zero flexo-magnetoelectric
effect: (a) a magnetic cycloid and (b) a Neel-type skyrmion, which represents a part of a magnetic
cycloid rolled up in a ring in the third dimension.
monic generation is forbidden for the bulk of centrosymmetric media, while at interfaces
this symmetry is broken and the reflected SHG appears. Another mechanism for the SHG
is the existence of the internal order parameter in a crystal, whose distribution lacks the
inversion symmetry [10, 11]. Such a situation is realized for example for magnetic systems
characterized by the magnetic toroidal moment [12, 13].
It was predicted recently that a new SHG mechanism appears for the media with chi-
ral distribution of magnetization that is characterized by the polar vector Q [14]. The
phenomenological expression for the macroscopic dipole moment induced at the double fre-
quency can be written as:
P 2ωi = P
2ω
0,i + P
2ω
1M,i + P
2ω
2M,i + P
2ω
QM,i =
= P 2ω0,i + P
2ω
1M,i + Σχ
(2)
ijklE
ω
j E
ω
kQl + ...
(3)
where the subscript in the SHG polarization vector corresponds to the ordinal number in the
expansion in powers of M: the first term, P 2ω0,i , does not depend on the magnetization and
the external magnetic field and corresponds to the so-called crystallographic contribution
to nonlinear polarization. The second and third terms, P 2ω1M,i and P
2ω
2M,i, are linear and
quadratic in the magnetization of the layers, respectively. Finally, the last term in Eq. 3 is
due to the existence of the flexo-magnetoelectric polarization Q. Formally, this term is of
the second order with respect to M, but it contains its derivative. Eωj is the electric field
strength of the fundamental wave. We do not take into account the P 2ω2M,i term that arises
due to second order of the uniform component of magnetization for fllowing reasons. First,
we suppose that there is no average magnetization in the direction perpendicular to the
applied external magnetic field (even in a zero external field there is no physical reason for
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this component to appear after magnetizing in a perpendicular direction). Next, the average
of the magnetization along the applied field squared is even with respect to this field. We
will later see that a new odd effect is observed due to the non-uniform magnetization. Hence
this contribution to P 2ω2M,i may also be neglected in the framework of current paper.
It is important to note that the NLO effects of the second-order in M associated with
the chiral interfactial magnetic state can be distinguished from the linear in magnetization
effects by using the appropriate selection rules. If the magnetic moment of the sample is
homogeneous and lies in the plane of incidence, then linear in magnetization dipole moment
at the SHG wavelength is perpendicular to this plane regardless of the polarization of the
pump wave [15]. Indeed, for a uniform and isotropic surface, we have
P 2ω1M,i = χisjklmjnsE
ω
kE
ω
l ; (4)
χisjklmjns = χ1δkiejsl + χ2δkleijs + χ3δkjeisl + χ4δskeilj
where δij is the Kronecker symbol. Using (4) it can be shown by direct constitution that
the induced dipole moment at the SHG wavelength, P2ω1M , is perpendicular to the plane of
incidence of the fundamental radiation so that the generation of the p-polarized SHG is
forbidden. This corresponds to the forbiddance of the magnetization-induced effect in p-
polarized SHG under the longitudinal magnetization, which is consistent with the symmetry
analysis performed previously [15]. At the same time, chiral distribution of magnetization
that may exist at the interfaces should contribute to the p-polarized SHG through the term
P2ωQM from (3). These SHG selection rules are used in this work for the visualization and
studies of the chiral magnetic states at the interfaces between a normal and a ferromagnetic
metals.
II. EXPERIMENTAL SECTION
We studied a series of Co(20nm)/Me(3nm) and Me(3nm)/Co(2.5nm)/Me(3nm) sam-
ples, where the metals (Me = Pt, Ta, W, Au, Ag, Cu) were chosen due to the available
values of the spin-orbit interaction; the sequence of these metals corresponds to the decrease
of the absolute value of the DM interaction at the Co / Me interface [6, 16, 17]. High vacuum
magnetron sputtering was performed using AJA 2200 multichamber system onto amorphous
SiO2 or glass substrates at a basic pressure of 10
−5 Pa. The deposited metal films had a
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FIG. 2. (a) Schematic view of the experimental geometry. (b) Linear MOKE hysteresis loops for
the orthogonal azimuthal orientations of the sample in the laboratory set-up. (c),(d) magnetization
dependencies of the Pt/Co/Pt structure for the same azimuthal positions of the samples.
polycrystalline structure with the grain sizes of about 10 nm.
Magnetic properties of the samples were studied by the vibrational magnetometry and
magneto-optical (MO) methods in the geometry of the longitudinal MO Kerr effect (MOKE).
In the MO measurements, we studied the rotation of the polarization plane of the HeNe laser
beam radiation (λ = 632 nm) reflected from the surface of the structure depending on the
magnitude of the applied dc magnetic field. Figure 2,b shows the MOKE hysteresis loops
for a Co(20 nm)/Pt(3nm) sample, which are typical for all samples of this series. The two
curves correspond to the orthogonal azimuthal orientations of the sample placed between
the poles of the electromagnet. Pronounced differences in the shape of these hysteresises
confirm the magnetic anisotropy of the composed films, similar to known for thin films of
transition metals [18, 19]. Below we present the results of the SHG experiments for the
external magnetic field applied along the axis that corresponds to solid line in Figure 2,b
(close to the easy magnetization axis).
For the SHG experiments linearly polarized radiation of a Ti:sapphire laser was used
at a wavelength of 780 nm, a pulse duration of 80 fs, a repetition frequency of 80 MHz,
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and a mean power of 100 mW. The p-polarized SHG radiation, reflected from the film, was
spectrally selected by BG39 Schott color filters and detected by a photomultiplier operating
in the photon counting mode.
In order to visualize the effect of chiral magnetic distribution at the interface of a heavy
metal and cobalt, we performed the measurements of the p-polarized SHG intensity depen-
dence of the applied longitudinal magnetic field. As noted above, linear in magnetization
modulation of the p-polarized SHG intensity in this case should be absent for the structures
with a uniform distribution of magnetization, and the only possible mechanism of this effect
is the existence of chiral magnetic states with induced polar Q vector at the interface. For
comparison, “allowed” nonlinear MOKE measurements at the SHG wavelength were per-
formed as the analyzer prior to the detection system was oriented at 45◦ with respect to the
p-polarization, so that the magnetic field induced rotation of the SHG polarization plane
was measured.
III. EXPERIMENTAL RESULTS
Figure 2,a shows the scheme of the experiment for the studies of the Q−induced SHG
contribution, when a sample is placed in the longitudinal magnetic field and the p-polarized
SHG induced by p-polarized fundamental radiation is studied. Panels c and d confirm the
magnetic anisotropy of the samples. First of all we searched for the composition of ferro-
magnetic and heavy metals that reveal the magnetic field induced effect for the “forbidden”
polarization combination discussed above, that is p-polarized SHG and longitudinal mag-
netization. It turned out that this effect exists for the structures that contain Pt or Ta
nanolayers shown in Figures 3 and 4, while for other nonmagnetic metals neighbor to Co
films it is absent within the experimental error. This supports the idea of the important
role of surface-induced DMI that has been actively studied for the interfaces of heavy and
ferromagnetic metals such as Co/Pt and Co/Ta ones [20, 21].
Figure 3 accumulates the results obtained for the Co(20 nm)/Pt(3 nm) bilayer structure
with a single magnetic interface. Linear MOKE measurements shown in panel a allow to
estimate the saturating field that is less than 100 Oe and coercitivity of approximately 50
Oe, which characterize primarily the magnetic properties of the bulky cobalt film. The
comparison with the SHG hysteresis loop obtained for the longitudinal nonlinear MOKE
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FIG. 3. Linear and nonlinear MOKE measurements for Co(20 nm)/Pt(3 nm) structure: (a)
MOKE hysteresis loop, (b) longitudinal MOKE in SHG; (c,d) magnetic field induced dependence
of the p-polarized SHG intensity for different ranges of the longitudinal dc magnetic field. Inset in
panel (d) shows the dependence of the SHG magnetic contrast on the magnetic field.
geometry (see Figure 3,b) shows that in the nonlinear-optical case the saturating magnetic
field is a few times larger and is about 0.5 kOe. This difference should be attributed to
the surface nature of the SHG process and indicates that the magnetic properties of the
Co/Pt interface differ substantially from those of bulky Co film. One more issue to be
underlined is the large value of the nonlinear MO effect as compared to linear-optical one;
the magnetization-induced SHG polarization plane rotation is about tens of degrees, which
exceeds the MOKE by more than an order of magnitude.
Magnetic hysteresis loops in the SHG intensity for the Co/Pt bilayer film for the p-
polarized SHG are shown in Fig. 3,c,d. One can see a clear modulation of the SHG inten-
sity, which is evident for the magnetic field up to 400-500 Oe; for larger field strength it
decreases continuously down to zero (within the experimental accuracy). Importantly, this
loop demonstrates SHG hysteresis of approximately 100 Oe in width, in consistence with
the MOKE data. For the characterization of the SHG intensity modulation with the applied
magnetic field, SHG magnetic contrast is commonly introduced as ρ2ωH =
I2ω+H − I2ω−H
I2ω+H + I
2ω
−H
where
I2ω+H and I
2ω
−H stand for the SHG intensity measured for the opposite orientations of the mag-
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FIG. 4. Linear and nonlinear MOKE measurements for Co(20 nm)/Ta(3 nm) structure. (a)
MOKE hysteresis loop; (b) magnetization dependence obtained from vibrating-sample magne-
tometer; (c,d) magnetic field induced dependence of the p-polarized SHG intensity for different
ranges of the longitudinal dc magnetic field. Inset in panel (d) shows the dependence of the SHG
magnetic contrast on the magnetic field.
netic field H. In terms of ρ2ωH , SHG hysteresis loops for Co/Pt bilayer film are characterized
by negative values of the SHG magnetic contrast for positive H and vise versa. The sign of
the ρ2ωH (Co/Pt) will be compared below with that of the Co/Ta bilayer. Importantly, the
positive orientation of the magnetic field is chosen on probation, still it is kept unchanged
for all the measurements discussed in the paper.
Figure 4 shows analogous results for the Co(20 nm)/Ta(3 nm) structure. It can be seen
from panel b) that the saturation of magnetization of the Co film checked by vibrating-
sample magnetometer takes place at 25-30 Oe. This corresponds to the linear MOKE hys-
teresis (panel a). Similarly to the Co/Pt bilayer, a nice SHG hysteresis loop is observed
in the rotation of the SHG polarization plane. Moreover, the “forbidden” intensity effect
for the p-polarized SHG also exists (Fig. 4,c,d), while the crawl direction of the hysteresis
loop is inversed as compared to the Co/Pt bilayer film. Consequently, the sign of ρ2ωH is also
changed so that the positive values of the SHG magnetic contrast are attained for positive
H and vise versa.
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FIG. 5. Nonlinear MOKE measurements for Ta(3 nm)/Co(2.5 nm)/Pt(3 nm) structure: (a)
rotation of the SHG polarization plane for the longitudinal MOKE geometry; (b) magnetic field
induced dependence of the p-polarized SHG intensity.
Having in mind that the sign of the “forbidden” SHG intensity effect is different for the
Co/Pt and Co/Ta interfaces, we composed the asymmetric hybrid Ta/Co/Pt structure with
the thicknesses of all the layers of 3 nm. Figure 5 contains the results of the SHG mea-
surements for two different orientations of the sample with respect to the external magnetic
field and the plane of light incidence. Panel a) corresponds to the nonlinear MOKE and
show pronounced SHG polarization plane rotation with different saturation magnetic field
values, which indicate the expected magnetic anisotropy of the structure. Panel b) shows
the magnetic field induced dependencies of the p-polarized SHG intensity for different ranges
of the longitudinal magnetic field. An important issue here is that the non-zero SHG mag-
netic contrast remains even in large magnetic field up to 1.5 kOe. The latter result differs
substantially the 3-layered Ta/Co/Pt nanostructure from bilayer samples with 20 nm thick
Co films described above.
We have performed the same measurements for a symmetric Ta/Co/Ta multilayer sample
(Figure 6,a,b). This sample does not demonstrate the “forbidden” SHG effect (Figure 6,b).
However it is clearly seen in Figure 6,a that the SHG plane rotation exists for the sample.
This may be attributed to the absorption of light in the Co layer which makes two Co/Ta
interfaces not identical. The same measurements were carried out for a Pt/Co/Pt sample
(see Figure 6,c,d). This semple demonstrated a much weaker “forbidden” effect than that of
the Ta/Co/Pt sample. Indeed, it can be estimated from Figure 6,d that the relative value of
the effect is approximately 1.5%. At the same time, Figure 5,b shows that the “forbidden”
effect for the Ta/Co/Pt sample is greater than 6%.
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FIG. 6. Nonlinear MOKE measurements for Ta(3 nm)/Co(2.5 nm)/Ta(3 nm) (a,b) and Pt(3
nm)/Co(2.5 nm)/Pt(3 nm) (c,d) structure: (a,c) rotation of the SHG polarization plane for the
longitudinal MOKE geometry; (b,d) magnetic field induced dependence of the p-polarized SHG
intensity.
IV. DISCUSSION
When discussing the observed effects in SHG that are forbidden for homogeneously mag-
netized structures it is worth realizing the space localization of different SHG sources. It
is commonly assumed that interface induced breaking of the inversion symmetry leads to
the appearance of surface dipole susceptibility localized in approximately 1 nm thick inter-
face layer, which can posses magnetic properties different from bulky ones. Besides, electric
quadruple SHG source originates from the skin layer that is about 20 nm for the visible
spectral range in the case of metals. Thus both the interfaces and bulky Co participated in
the SHG process for Co/Ta and Co/Pt bilayers, so that the symmetry allowed SHG Kerr
effect qualitatively correlates with the linear MOKE measurements as they are mostly de-
termined by the magnetic properties of bulk Co films. (However, saturation may occur at
different fields for linear and SHG effects which we observed for a Co/Pt bilayer. This is
definitely attributed to the strong role of the surface in SHG.)
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At the same time, for the p-polarized SHG and longitudinal magnetization the contribu-
tion from the bulk of the film is not expected, so the interfaces should govern the magnetic
effects in SHG. We show experimentally that in this “forbidden” SHG geometry nonzero
magnetization-induced SHG appears only for Co/Ta and Co/Pt interfaces, which confirm
our hypothesis about the relationship between this effect and the magnitude of the surface-
induced DM interaction at the interface between a ferromagnet and a heavy metal, which
was actively studied for the Co/Pt and Co/Ta interfaces [20, 21]. This interaction is known
to have different sign for these interfaces, which also correlates with our SHG studies which
reveal opposite signs of the SHG magnetic contrast (i.e. of magnetic field induced effect in
the SHG intensity) for these structures.
It is known that if two interfaces of a ferromagnetic layer have different signs of DM
interaction this makes the chiral magnetic structures easier to appear [22]. So we expected
that the “forbidden” effect in the intensity of p-polarized SHG would increase in Ta/Co/Pt
layered structure, which combines the two interfaces with the opposite directions of the
normal to the Co layer and of the DMI constant. This explicitly is seen in the experiment
(Figure 5). Moreover, one can suppose that the interaction of the two closely situated
interfaces with chiral magnetization distribution is rather strong, so that a non-zero SHG
magnetic contrast remains for the whole range of the longitudinal magnetic field under study.
We have also checked the “forbidden” effect for samples that consist of a Co layer sur-
rounded by two layers made of the same material (Ta or Pt). In this case the effect is
zero (for Ta/Co/Ta) or close to zero (for Pt/Co/Pt). This nonzero effect is possibly caused
by slightly different properties of Pt grown on a substrate and on a Co layer which is not
important for Ta known as a good material to remove strain in the sample. However it is
important that if two similar heavy metals are chosen the effect tends to zero.
V. SUMMARY
Summing up, discussed experiments confirm the possibility for the visualization of mag-
netic chiral states at the interface normal metal/ferromagnet by means of the SHG-based
nonlinear magneto-optical technique. We demonstrate the appearance of the SHG magnetic
field induced changes for the geometry of the experiments that excludes the observation of
common (allowed) nonlinear magneto-optical Kerr effect. These variations are associated
11
with the magnetic chirality-driven SHG contribution at the normal metal/ferromagnet inter-
face. The occurrence of chirality in the magnetization distribution of a ferromagnet interface
with a SOC metal is due to the surface-induced Dzyaloshinskii-Moriyla interaction.
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